Investigation of the hemolytic phenotype under anaerobic growth conditions of an avian Pasteurella multocida strain, PBA100, resulted in the identification and characterisation of a gene encoding an esterase enzyme, mesA, that conferred a hemolytic phenotype in Escherichia coli under anaerobic conditions. MesA appeared to be expressed and functional under anaerobic and aerobic conditions in both E. coli and P. multocida. A P. multocida mesA mutant was generated which resulted in the loss of acetyl esterase activity under anaerobic conditions. However, this mutation did not cause any attenuation of virulence for mice nor a detectable change to the anaerobic hemolytic phenotype of P. multocida. In E. coli MesA appeared to cause hemolysis indirectly by the induction of the latent E. coli K-12 cytolysin, sheA. ß
Introduction
The facultative Gram-negative coccobacillus, Pasteurella multocida is an opportunistic veterinary and human pathogen. Certain serotypes are the aetiologic agents of severe pasteurellosis such as fowl cholera (FC) in avian species, haemorrhagic septicemia (HS) in cattle and bu¡a-lo and atrophic rhinitis (AR) in swine. The contagious nature of FC combined with high morbidity and mortality has made FC a disease of economic importance, resulting in substantial worldwide losses in the poultry industry. From pathological ¢ndings at autopsy, it is apparent that P. multocida causes a highly invasive disease, characterised by signi¢cant tissue necrosis and vascular damage [1] . Knowledge of the factors required by P. multocida to survive and replicate in the host tissues is lacking. Although LPS has been implicated in the generation of the necrotic lesions, the presence of focal necrotic lesions in the lungs, liver, spleen and muscle, may also indicate the presence of some kind of cytolytic toxin or protease.
The dermonecrotic toxin of toxigenic AR strains is not usually found in avian P. multocida isolates and no evidence for the presence of a vacuolating cytotoxin, like that suggested in HS-causing P. multocida, was found in the serogroup A strain tested by Shah et al. [2] . Recently a number of metalloproteases have been identi¢ed in the culture supernatants of avian and other P. multocida isolates [3] . However, the role that these proteases play in tissue damage and pathogenesis of FC is yet to be determined.
Although P. multocida is not classi¢ed as hemolytic, signs of erythrocyte damage were noted by Carter [4] as the appearance of browning on blood agar. Further evidence of a hemolytic phenotype was described by Lee et al. [5] observing variable levels of hemolysis for a number of avian strains when grown for 48 h on turkey, swine or bovine blood agar. Interestingly, virulent avian isolates, but not the low virulence CU vaccine strain, displayed this form of hemolysis [5] . Recently, Diallo and Frost [6] observed lysis of erythrocytes from various species by a Tween 80 extract of P. multocida cells, suggesting that the factor(s) mediating hemolysis may be cell-bound.
In our laboratory we observed a di¡use but obvious zone of hemolysis around colonies of P. multocida grown on horse blood (HBA) under anaerobic conditions occurred [7] . To characterise any potential genetic determinants of this phenotype and study their role in pathogenesis we used the direct approach of cloning hemolytic determinants in Escherichia coli. Cox et al. [7] identi¢ed a P. multocida gene, ahpA, which conferred a hemolytic phenotype on E. coli under anaerobic conditions. This study describes the characterisation of a second P. multocida locus that confers hemolysis on E. coli under anaerobic conditions.
Materials and methods

Bacterial strains and plasmids
Bacterial strains and plasmids used in this study are shown in Table 1 . P. multocida and E. coli strains were grown either aerobically or anaerobically on columbia agar plates (Oxoid, Hampshire, UK) containing either 5%, horse, sheep, chicken, cow or pig blood. For acetyl esterase assays, P. multocida and E. coli strains were grown aerobically in columbia broth or under anaerobic conditions in columbia broth supplemented with 0.1% sodium-thioglycolate at 37³C. Antibiotics were added when required at the following concentrations : ampicillin (Amp) 100 Wg ml 31 , kanamycin (Kan) 50 Wg ml 31 , streptomycin (Str) 25 Wg ml 31 , spectinomycin (Spe) 25 Wg ml 31 .
Recombinant DNA and protein techniques
Methods for preparation of genomic and plasmid DNA, for Southern hybridisation and for restriction digestion and ligation were described previously [8] . Plasmids were introduced into electrocompetent E. coli or P. multocida cells as described previously [7] . PEG-precipitated plasmid DNA was used for sequencing with synthetic oligonucleotides using the Taq DyeDeoxy Terminator Cycle kit or Taq Big DyeDeoxy Terminator kit (Applied Biosystems Inc., Foster City, CA, USA). The oligonucleotides (5P3 P) used in this study were; SK (CGCTCTAGAACTA-GTGGATC), KS (TCGAGGTCGACGGTATC), BAP05 (TTACATCACACGTTCTGGCTGG), BAP12 (AAGTC-GAGACGCCCTCCGGC), BAP13 (GTGTTACCGGA-AGGTTATGC) and BAP432 (GCCGCCCATACTCA-ATCCCG). Cycle sequencing was performed on a Perkin-Elmer GeneAmp PCR System 2400 thermocycler. DNA products were analysed with an Applied Biosystems Inc. Automated DNA sequencer model 373. DNA sequences were deposited in GenBank under accession number AF306495. Discontinuous SDS-polyacrylamide gels were prepared using standard methods and gels stained using Coomassie brilliant blue to visualise bands.
Nucleotide and deduced amino acid sequence analysis
Sequencer 3.0 (Gene Codes Corp., Ann Arbor, MI, USA) was used to align and assemble sequences. Comparison of sequences to those within the GenBank, EMBL and other un¢nished genome databases was performed using the BLAST and FASTA programs through the Australian National Genomic Information Service (ANGIS) (http://www.angis.org.au) and the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm. nih.gov). Predictions of cellular location were made using PSORT (http://psort.nib-b.ac.jp :8800/form.html), while hydropathy pro¢les were de¢ned according to Kyte and Doolittle [9] . Multiple alignments were generated using the ANGIS program CLUSTAL.
Mutagenesis of P. multocida
To construct an allelic exchange mutant of P. multocida, approximately 10 Wg of pPBA1319 were transformed into 80 Wl of electrocompetent PBA100 cells which were allowed to recover in 2 ml of nutrient broth (Oxiod) with 0.03% (w/v) sucrose at 37³C with shaking for 4 h. The recovered cells were plated onto nutrient agar plates containing 50 Wg ml 31 Kan and incubated at 37³C for 244 8 h.
Concentration of culture supernatants
E. coli and P. multocida strains were grown aerobically or anaerobically in columbia broth to mid-exponential phase before centrifugation at 10 000Ug to pellet the cells. The culture supernatants were ¢ltered through 0.2-Wm nitrocellulose ¢lters (Schleicher and Schuell) and concentrated 100U using a stirred Amicon ultra¢ltration cell (Amicon Inc., Beverly, MA, USA) with a Dia£o 0 PM10 ultra¢lter membrane.
Esterase assay on toluene-treated cells or culture supernatants
E. coli and P. multocida strains were grown aerobically or anaerobically in columbia broth to mid-exponential phase and the bacteria were pelleted by centrifugation at 11 600Ug, washed and then resuspended in 50 mM sodium citrate, 100 mM phosphate bu¡er pH 7.4 to yield standardised cell suspensions to which were added 30 Wl of toluene and 20 Wl of K-naphthyl-acetate (20 mg ml 31 in dimethylformamide). Samples were mixed thoroughly then incubated at 37³C for 30 min after which 100 Wl of freshly made colour reagent (1 M sodium acetate pH 4.5 containing 0.01% Fast Corinth Salt V (Sigma) and 10% Tween 20) were added. The colour reaction was allowed to develop for 15 min before the samples were centrifuged at 11 600Ug to pellet cell debris. Two 80-Wl volumes of supernatant were removed and transferred to 96-well £at bottom trays in which the absorbance at 570 nm was measured using a Bio-Rad microplate reader (model 450). Acetyl esterase assays on 20-Wl aliquots of culture supernatant were similar except that 40 Wl of K-naphthyl-acetate were used and the incubation time was 30 min.
Mouse virulence assay
Young adult female Balb/c outbred mice were challenged intraperitoneally (IP) with various doses of PBA100, PBA846 or PBA859 cultured in nutrient broth. The ID 50 of PBA100 was 3U10 2 cfu. Mice which were deemed incapable of survival were euthanised in accordance with animal ethics requirements. Blood was collected from the orbital plexus from all mice prior to death and plated onto nutrient agar containing the appropriate antibiotics when required, as a con¢rmatory measure for each bacterial strain.
Results and discussion
Cloning of a P. multocida hemolytic determinant in E. coli
A BamHI genomic library of P. multocida PBA100 in pWSK29 was introduced into E. coli DH5K, plated onto HBA and the transformants grown anaerobically at 37³C for 48 h. No hemolysis was demonstrated by the E. coli strain, SBA447, harbouring pWSK29 alone. The clone, PBA1211, exhibiting the strongest hemolysis contained a 7.1-kb BamHI fragment in pWSK29 (denoted pPBA1211). A BamHI fragment of identical size was detected in PBA100 genomic DNA by Southern hybridisation with a probe derived from the insert. No hybridisation to genomic DNA of E. coli DH5K was found (data not shown). Subcloning of pPBA1211 localised the region conferring hemolysis in E. coli to the 2-kb PstI fragment in the plasmid pPBA1214. Sequence analysis of pPBA1214 indicated that the fragment contained two complete ORFs, one of 470 bp and the other of 807 bp. The smaller ORF was designated greB as GenBank database searches demonstrated signi¢cant similarity (88% identity, 94% similarity) to the greB gene of Haemophilus in£uenzae [10] which encodes a transcriptional elongation factor. The deduced amino acid sequence of the 807-bp ORF showed similarity to a number of esterase enzymes and the gene was termed mesA for multocida esterase gene.
A 109-bp deletion within the greB gene in pPBA1215 had no e¡ect on the hemolytic phenotype, whereas the insertion of a kanamycin resistance gene (kan) cassette from pUC4-K [11] into a unique BglII site in the mesA gene abolished hemolysis in E. coli, strain PBA1319 harbouring pPBA1319.
Sequence analysis of mesA
The mesA ORF encoded a protein of 269 amino acids with a predicted molecular mass of 29.8 kDa. Examination of the sequence revealed a putative, cleavable 22-amino acid signal sequence at which cleavage would result in a mature protein with a predicted molecular mass of 27.4 kDa. A protein of approximately this size was expressed by E. coli carrying an intact copy of the mesA gene under both anaerobic (Fig. 1) and aerobic (not shown) conditions.
The deduced amino acid sequence showed similarity to a number of esterase enzymes. The highest similarity (52%) was found between MesA and the acetyl esterase enzyme, XynC, of the thermophilic anaerobe Caldocellum saccharolyticum [12] . An alignment of MesA with the amino acid sequences of XynC and other similar esterase-like proteins (Fig. 2) demonstrated that similarity was clustered around a GXSXG motif. This pentapeptide is conserved throughout the lipase, esterase and serine protease superfamily [13] and contains the active site serine which forms a catalytic triad with an aspartate (or sometimes a glutamate) and a histidine residue. The order of these amino acids in the triad sequence of most esterases and lipases is S, D(E), H [14] . Thus, it appears likely that D-214 and H-243 form the catalytic triad with S-141 rather than the other aspartate (D-92, D-96) and glutamate (E-117) residues preceding serine (Fig. 2) .
Erythrocyte speci¢city
PBA100 demonstrated strong hemolysis on horse and chicken blood and weaker hemolysis on sheep, cow and pig blood. The E. coli mesA clone PBA1214 showed similar intensities of hemolysis on horse, chicken and cow blood and less hemolysis on sheep blood. No hemolysis was exhibited by PBA1214 on porcine blood agar plates. SBA447 did not exhibit hemolysis on any of the blood plates tested.
Construction of a mesA mutant
To gain information on the role mesA might play in the pathogenesis of FC, a mesA mutant was generated by allelic exchange using the plasmid pPBA1319. A double crossover mutant, designated PBA846, was was constructed and its genotype con¢rmed by Southern hybridisation (data not shown). To complement this mutant a shuttle vector was constructed. A 2.7-kb HindIII fragment of the P. multocida vector pPMK1 [15] , which carries a P. multocida plasmid origin of replication and the kan gene from pUC4-KIXX [11] , was ligated into the unique HindIII site of pPBA1214 generating the plasmid pPBA840. As the mesA mutant already carried the kan gene from pUC4-K, an alternative antibiotic selection marker was added to the plasmid. A 2-kb streptomycin Fig. 2 . Alignment of the predicted amino acid sequence of MesA with the proteins XynC of C. saccharolyticum (Cs) (accession no. M34459), EstD of Arabidopsis thaliana (At) (accession number AAB84335), YaiM of E. coli (Ec) (accession number AE000142 U00096), EsD of Human (Hs) (accession number M13450) and HI1084 of H. in£uenzae Rd (accession number U32788 L42023). Asterisks (*) indicate identical amino acids, while amino acids exhibiting high similarity and low similarity are indicated by a colon or dot respectively. A space introduced by the Clustal alignment program is indicated by a dash. The boxed region indicates the area containing the GXSXG motif. Identical and conserved residues in this region are highlighted as are conserved aspartate (D), glutamate (E) and histidine (H) residues that may be involved in the formation of the catalytic triad and the amino acid numbers of these residues in MesA are indicated below the sequence.
(str) and spectinomycin (spc) resistance gene cassette [16] was cloned into the unique BamHI site of pPBA840. The resulting plasmid, pPBA855, replicated at high copy number in P. multocida and at a low copy number comparable to the other pWSK29-based plasmids in E. coli.
The shuttle vector was introduced by electroporation into PBA100 and PBA846 generating the strains PBA855 and PBA859 respectively. No attenuation of virulence was assessed using a mouse model and no visible change in the anaerobic hemolytic phenotype of the mutant, PBA846, nor PBA855 (PBA100 carrying a second copy of mesA on the high copy plasmid pPBA855) compared to the wild-type or complemented mutant was found.
Functional analysis of MesA
As MesA had greatest sequence similarity to an acetyl esterase enzyme, its function was studied using K-naphthyl-acetate, an acetyl ester substrate. For esterase assays pPBA855 was also transferred into E. coli DH5K and given the name PBA1454. PBA1454 displayed a similar anaerobic hemolytic phenotype to that of other E. coli strains harbouring an intact mesA gene.
The results of the esterase assays on toluene-treated cells of aerobically and anaerobically grown E. coli and P. multocida strains are shown in Fig. 3 . E. coli carrying pWSK29 alone (SBA447) or the inactivated mesA6kan construct pPBA1319 (PBA1319) demonstrated a similar low level of absorbance. These results indicated that mesA was required and su¤cient for the expression of a functional acetyl esterase in E. coli. The activity displayed by PBA1454 demonstrated that the level of esterase activity of MesA was unchanged from that mediated by pPBA1214. Esterase assays on PBA100 demonstrated similar esterase activity from both anaerobically and aerobically grown cells. The mesA mutant (PBA846) cultured under aerobic conditions displayed slightly less acetyl esterase activity than the parent strain, PBA100, whereas under anaerobic conditions, esterase activity of the mesA mutant PBA846 was negligible (Fig. 3) . These results suggested that under anaerobic conditions MesA is the only functional acetyl esterase whereas other esterase enzymes capable of cleaving an acetyl ester appear to be present under aerobic conditions.
Under both aerobic and anaerobic conditions the level of esterase activity demonstrated by PBA859 (the mesA mutant complemented with the high copy number plasmid Amp r , lacZP, pSC101 origin, f1 origin [25] a Strain constructed at Monash University, Department of Microbiology, Clayton, Vic., Australia by Kumar Rajakumar. pPBA855) and PBA855 (PBA100 carrying mesA on pPBA855) was similar and both strains showed greater acetyl esterase activity than PBA100 (Fig. 3) . This result clearly indicated the expression and function of MesA under both aerobic and anaerobic conditions. No acetyl esterase activity was found using intact whole cells or 25U concentrated culture supernatants from midexponential phase cultures of any E. coli or P. multocida strain (data not shown). This suggested that MesA was not present on the cell surface nor exported out of the cell during mid-exponential phase growth. From overnight cultures of aerobic and anaerobically grown PBA1214, undiluted culture supernatant demonstrated similar esterase activity to that of mid-exponential phase PBA1214 toluene-treated cells (data not shown). No esterase activity was observed using undiluted culture supernatants from overnight cultures of any P. multocida strain tested. Because MesA possesses a typical signal peptide, we suggest that it is translocated across the inner membrane, but then remains either in the periplasm and/or is associated with the outer membrane.
3.6. Complementation of an E. coli sheA mutant with mesA Several reports have described the presence of a latent E. coli K-12 pore forming cytolysin/hemolysin, which has been termed ClyA, HlyE or SheA. Overexpression of several transcriptional regulators in E. coli K-12 has been shown to induce the production of the 34-kDa SheA [17, 18] . A regulator from Salmonella typhimurium SlyA and the E. coli homolog SlyA EC [17] , an E. coli regulator MprA, which displays similarity to SlyA [18] and, under anaerobic conditions, homologues of the E. coli FNR protein, HlyX and FnrP of Actinobacillus pleuropneumoniae and Pasteurella haemolytica respectively [19, 20] have all been found to induce the expression of sheA. Expressing the sheA gene itself on a high copy plasmid also resulted in a hemolytic phenotype [18, 21] . SheA has also been found to be under the negative control of two histone-like proteins IHF and H-NS [18] .
As MesA demonstrated no similarity to any known hemolytic or cytolytic proteins and from the functional analysis it appeared unlikely that MesA was a hemolysin per se in P. multocida, the possibility that MesA could act as a regulator of the latent E. coli cytolysin was investigated. A sheA: :Tn5 mutant (CFP201), together with its E. coli parent MC4100, were transformed with pPBA1214 resulting in the strains PBA1613 and PBA1614 respectively. MC4100 and CFP201 harbouring pPH19, which carried the sheA gene of MC4100 [18] , were used as controls. The hemolytic phenotypes of all strains were assessed following growth for 48 h on HBA plates aerobically and anaerobically (Table 2) . When sheA was inactivated, the MesAmediated, anaerobic hemolytic phenotype was abolished, suggesting that MesA was acting indirectly in E. coli to Fig. 3 . Acetyl esterase activity of E. coli and P. multocida strains expressed as the mean absorbance (570 nm þ standard error) of at least triplicate sample tests. Strains grown aerobically are shown as black bars. Strains grown anaerobically are shown in white. E. coli and P. multocida esterase assays were carried out independently. Strain names are given beneath each bar. Table 2 Hemolytic phenotypes displayed by di¡erent E. coli strains on 5% HBA plates
Strain
Aerobic hemolysis Anaerobic hemolysis
activate the expression of this latent cytolysin. As MesA showed no similarity to any known regulatory proteins, and no DNA binding motifs were apparent in the sequence, it appears unlikely that the anaerobic hemolytic phenotype in E. coli was caused through direct activation by MesA binding to the promoter region of sheA, as was demonstrated for HlyX and SlyA [19, 21] . Comparison of sheA sequences [17^20] to the P. multocida PM70 genome (http://www.cbc.umn.edu/ResearchProjects/AGAC/Pm/index.html) did not reveal a P. multocida homologue. Interestingly, in a separate study using a di¡erent P. multocida avian strain (VP161), another gene, ahpA, was identi¢ed that conferred hemolysis on E. coli under anaerobic conditions [7] . Like MesA, AhpA demonstrated no similarity to known regulatory proteins and the expression of AhpA in an E. coli sheA 3 mutant, CFP201, did not result in an anaerobic hemolytic phenotype. MesA and AhpA did not share any sequence similarity.
A mechanism of indirect activation of the latent E. coli hemolysin by MesA may be possible. Recently, the overexpression of an acetyl esterase enzyme, Aes, in E. coli was shown to repress the maltose operon by interacting directly with the transcriptional activator MalT, rendering it inactive [22] . It is possible then that other proteins, such as IHF, H-NS or other as yet unknown negative regulators of sheA, may also be targets for this kind of mechanism by the overexpression of the acetyl esterase MesA in E. coli, leading to the expression of sheA. If MesA does interact like Aes, then perhaps the expression of the MesA target or the interaction itself occurs only under anaerobic conditions. Thus, despite the presence and activity of MesA both aerobically and anaerobically, hemolysis in E. coli would be seen only under anaerobic conditions.
To date SheA has been shown to cause lysis of sheep, horse and cow erythrocytes. In this study, it appeared that SheA could also lyse chicken, but not pig, erythrocytes. If a receptor is utilised for binding to initiate SheA-mediated hemolysis, these receptors must be absent on pig erythrocytes. A potential role for cholesterol in the binding and activation of SheA has recently been noted [23] and therefore, di¡ering amounts of such membrane constituents may explain the species speci¢city.
Concluding remarks
This study has characterised an esterase enzyme of P. multocida, MesA, which was found to confer a hemolytic phenotype on anaerobically grown E. coli. MesA may act indirectly to cause the induction of the latent E. coli cytolysin sheA under anaerobic conditions, this being the second such P. multocida locus implicated in this phenomenon. Interestingly, these two P. multocida loci bear no sequence similarity to any known regulatory proteins or to each other. These ¢ndings add further complexity to the current knowledge of regulation of the E. coli^sheA latent cytolysin.
